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Abstract 
Monoclinic lithium metatitanate, -Li2TiO3, is a member of Li2MO3 (M = Ti, Mn, Sn, Ru, and/or Ir) series and 
an important cation conductor for various energy applications such as Li-ion batteries and nuclear fusion reactors. 
Comprehensive knowledge of the crystal structure is vital to understanding the Li-ion diffusion mechanism and 
several possibilities were proposed previously. However, the exact crystal structure and Li-ion diffusion paths of -
Li2TiO3 are still unclear. Here, the results of a neutron diffraction study of high-purity 7Li-enriched -Li2TiO3 is 
reported. The occupancy factor 0.033(3) and the atomic coordinates of interstitial Li ion in Li–O layer are successfully 
refined by Rietveld analysis on the time-of-flight neutron diffraction data. The three-dimensional network of Li-ion 
diffusion pathways is visualized by a combined 
technique of high-temperature neutron-diffraction and 
maximum-entropy methods. An interstitialcy diffusion 
mechanism, in which a lithium ion migrates through both 
the interstitial tetrahedral and lattice octahedral sites, is 
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Introduction 
Rechargeable Li-ion batteries are key components in portable electronic devices and electric vehicles.1–3 For 
large-scale implementation, layered lithium mixed transition-metal oxides, LiNixCoyMn1–x–yO2 materials, where x 
and y represent Ni and Co contents, have been regarded as alternatives for LiCoO2.4,5 However, there still remain two 
major challenges for the use of LiNixCoyMn1-x-yO2, namely (i) enhancement of rate capability to overcome the 
intrinsically low Li-ion conductivity and (ii) safety issues imposed by the chemical instability of the de-lithiated 
phase of Li1–zNixCoyMn1–x–yO2 in organic electrolytes.6 Li-rich layered oxide Li2MO3 (M = Ti/Sn) have attracted 
significant attention as a coating material for LiNixCoyMn1–x–yO2 cathode in Li-ion batteries, as the coating improves 
the rate capability as well as the cycling and thermal stability.7–9 The improved rate capability has been attributed to 
the three-dimensional (3D) diffusion of Li-ions in Li2MO3 (M = Ti/Sn) in contrast to the two-dimensional (2D) 
diffusion occurring in LiNixCoyMn1–x–yO2.7–9 Moreover, there has been increasing interest in Li2MO3 (M = Ti, Mn, 
Sn, Ru, and/or Ir) alone as a high-capacity cathode.10–12. Thus, understanding the Li-ion diffusion mechanism in 
Li2MO3 (M = Ti, Mn, Sn, Ru, and/or Ir) is highly important to develop better cathode materials for Li-ion batteries. 
The Li2MO3 series commonly has a rock-salt-type structure composed of ordered Li–O and Li–M–O layers along the 
c-axis. Among the series compounds, as an example material, we herein focus on -Li2TiO3 that has the other 
important application to use as a ceramic breeder in deuterium-tritium (DT) fusion reactors.13–15 In the ceramic 
breeder pebbles of -Li2TiO3, tritium, which is the fuel for DT plasma, is produced by the transmutation of Li (6Li + 
n → 3T + 4He). The produced tritium migrates to the surface of the pebbles by T+ bulk and grain-boundary diffusion 
in -Li2TiO3. T+ bulk diffusion is important, because it is the rate-determining step for tritium release.16 
Understanding the Li-ion diffusion mechanism is also of particular interest in fusion research as it is closely linked 
to T+ bulk diffusion in Li2TiO3.17 
The diffusion of an ionic conductor is strongly dependent on its crystal structure;18,19 thus, a comprehensive 
knowledge of the crystal structure of -Li2TiO3 is also required. Single-crystal X-ray and powder neutron diffraction 
(ND) studies reported that -Li2TiO3 has a monoclinic C2/c structure with an ordered stacking of Li–O and Li–Ti–O 
layers along the c axis where Li and Ti atoms occupy the octahedral sites (Figure 1c and Figures S1a and S2a in the 
Supporting Information (SI)).20–22 In the structure of -Li2TiO3, there exist three Li lattice sites; Li1 and Li2 sites in 
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the Li–O layer and Li3 site at the centre of the six-membered ring of TiO6 octahedra in the Li–Ti–O layer (Figure 1c 
and Figure S2a in SI). In the present investigation, we call this structural model without interstitial Li a ‘conventional 
model’ (Figure 1c and Figures S1a and S2a in SI). In addition to the three Li lattice sites, the presence of interstitial 
Li at the tetrahedral site in the Li–O layer was proposed by using nuclear magnetic resonance (NMR) and molecular 
dynamics (MD) calculations.23 Occupation of metal ions at tetrahedral site was reported in Li2Ru1–yTiyO3 as well.12 
However, the interstitial Li atom was not considered in previous structural studies;20–22 thus, the occupancy factor 
and atomic coordinates of the interstitial Li ion remain undetermined. One of the aims of this work is to determine 
the occupancy factor and atomic coordinates of the interstitial Li atom in -Li2TiO3 by the Rietveld analysis of 
neutron diffraction data. Here, we call the structural model with interstitial Li atoms of -Li2TiO3 an ‘interstitial 
model’ (Figures 1d and 1e and Figures S1b and S2b in SI). 
The Li-ion diffusion mechanism in -Li2TiO3 is still unclear and a topic of hot debate. Vijayakumar et al.23 
suggested 3D Li-ion diffusion and diffusion pathways through the tetrahedral site along the c axis and on the ab plane 
by MD calculations. Similarly, 3D diffusion pathways through a vacant tetrahedral site have been reported for 
Li2MnO3 and Li2IrO3 by density functional theory (DFT) calculations.24,25 On the contrary, using neutron diffraction 
data, Monchak et al.26 reported 2D Li-ion diffusion in the Li–O layer and insisted that the Li-ion diffusion along the 
c axis (interlayer diffusion) is less favoured. However, this study has two major problems – (i) large amounts of 
impurities (Li2CO3 and Li4Ti5O12) in the sample and (ii) noisy neutron scattering length density distribution with 
ghost peaks. In addition to interlayer diffusion, DFT calculations suggested a different Li-ion diffusion mechanism:27 
straight migration of Li ions between two octahedral Li sites through octahedral interstitial site in the Li–O layer. 
Due to the structural similarity of monoclinic Li2MO3 (M = Ti, Mn, Sn, Ru, and/or Ir) materials, revealing Li-ion 
diffusion mechanism in -Li2TiO3 could have a significant impact on the researches of the series compounds. 
To address these unresolved issues, in this report, we conducted a neutron diffraction study using single-phase 
-Li2TiO3 without impurities. This work employs the maximum-entropy method (MEM), a model-free method 
originally developed to pick probable information from noisy data.28,29 MEM is an established and powerful tool to 
obtain accurate neutron scattering length densities corresponding to given nuclear densities, thus leading to the 
visualization of ion-diffusion pathways in ionic conductors.30–32 
Accepted Manuscript 
ACS Applied Energy Materials 





Li2TiO3 specimens were prepared by a solid-state reaction route using lithium hydroxide monohydrate (LiOH·H2O, 
Kojundo Chemical Lab. Co., Ltd.) and metatitanic acid (H2TiO3, Mitsuwa Chemicals Co., Ltd.) as the raw materials.33 
A polypropylene bottle containing these powders was rotated on a roller for 24 h at 50 °C. The mixed powder turned 
into a slurry when a neutralization reaction occurred between the starting materials. The slurry was calcined at 600 °C 
for 5 h in air atmosphere. The dried powder was molded into pellets at 39 MPa and then sintered at 1200 °C in an Ar 
atmosphere for 2 h on a dummy pellet of the same composition. The heating rate was 10 K min–1, but cooling was 
allowed to occur naturally. Using 7Li-enriched LiOH·H2O, 7Li2TiO3 specimens were fabricated in the same manner 
for neutron diffraction measurements. The Li/Ti ratio of the synthesized specimens was determined to be 2.00(2) by 
ICP-AES. No impurity phase was detected by X-ray powder diffraction using Cu K radiation (RINT-2500, Rigaku). 
Neutron diffraction 
Time-of-flight neutron diffraction (TOF-ND) measurements of -Li2TiO3 were performed at RT on a versatile 
neutron powder diffractometer iMATERIA34 at the MLF of J-PARC of KEK/Japan Atomic Energy Agency (JAEA), 
Tokai, Japan. The data were analyzed using a Rietveld refinement program, Z-Rietveld,35 in the range of 0.32 < d < 
3.54 Å. Fixed-wavelength neutron powder diffraction data were collected in air with HERMES36 at JRR-3 research 
reactor of JAEA, Tokai. Neutron diffraction data at 27, 400, 600, and 800 °C were conducted with the furnace37 on a 
pellet specimen (8.6 mm in diameter, 21.1 mm in height, relative density: 91.1%) in the range of 2 = 7.0°–156.9° 
at intervals of 0.1° using a neutron beam with a wavelength of 1.84780(15) Å obtained by a Ge monochromator. 
Rietveld analyses of the neutron diffraction data of -Li2TiO3 collected by HERMES were performed with RIETAN-
FP program.38 Crystallographic parameters were refined in the REMEDY cycle.39 Nuclear-density distributions (or 
more accurately, neutron scattering length density) were obtained by MEM for structure factors obtained from the 
Rietveld analysis of neutron powder diffraction data collected by HERMES. MEM was performed on a PRIMA 
program40 with 100 × 140 × 160 pixels. To estimate the occupancy factor of Li atom, the local integration of the 
neutron scattering length density at each Li site was carried out based on the Voronoi tessellation using VESTA 
software.41 
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Ion conductivity 
Ion conductivity of -Li2TiO3 was measured by electrochemical impedance spectroscopy on a pellet specimen (11.7 
mm in diameter, 7.5 mm in height, relative density: 95.0%). Both sides of the pellet were coated with silver paste and 
dried for 1 h at 600 °C in Ar. Cathode resistance was measured in air using a three-terminal method with an 
electrochemical analyzer over a frequency range of 1 MHz to 0.1 Hz without dc bias in the temperature range of 420–
500 °C. 
Computation 
DFT calculations of (Li2TiO3)16 were performed using the Perdew–Burke–Ernzerhof (PBE)42 generalized gradient 
approximation (GGA) for the exchange and correlation functional. Projector augmented wave (PAW) potentials43 
implemented in Vienna ab initio simulation package (VASP)44,45 were used for Li, Ti, and O atoms. 2 × 2 × 2 set of 
the k-point meshes were generated by using the Monkhorst–Pack scheme. A plane-wave cutoff energy of 500 eV was 
used. Self-consistency was achieved with a tolerance in the total energy of 10–5 eV, and the atomic positions were 
relaxed until the force was less than 0.02 eV Å–1. A monoclinic -Li2TiO3 (C2/c) 2 × 1 × 1 super cell (96 atoms in 
the perfect crystal) was used for calculations. The nudged elastic band (NEB)46 method was employed to obtain the 
minimum energy path for Li-ion migration. In NEB calculations, 7 intermediate images along Li+ migration paths 
were optimized in the 2 × 1 × 1 supercell with one negatively charged Li vacancy until the forces were less than 0.03 
eV Å–1. The NEB calculations for Li+ migration via vacancy mechanism was performed by removing a Li+ ion at a 
lattice site, while the stoichiometric composition including one interstitial Li atom at Li4 site and one Li vacancy at 
distantly positioned Li3 site was used for simulating Li+ migration via interstitialcy mechanism. The BVS map for a 
test Li ion was calculated using the 3DBVSMAPPER program;47 lattice and positional parameters refined with the 
TOF-ND data at RT were employed. Using the same program, the BVEL of a test Li ion was calculated with the 
refined parameters obtained at RT and 800 °C from TOF-ND and fixed-wavelength ND data, respectively. The spatial 
resolution was set to 0.1 Å. The BVS was calculated using the bond-valence parameters after Brown et al.48 
Possibility of the charge transfer of Li and neighboring Ti atoms during Li-ion migration in -Li2TiO3 was 
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Results and Discussion 
Crystal structure 
7Li-enriched 7Li2TiO3 (7Li > 99.9 wt.%) was prepared to improve the quality of the ND data, as 7.5% 6Li in 
natural lithium has (i) a neutron absorption coefficient 4 orders of magnitude larger than 7Li, (ii) about 15% lower 
neutron scattering length, and (iii) causes larger incoherent scattering. Stoichiometric 7Li2TiO3 sample was 
synthesized by a solid-state reaction method using 7Li-enriched LiOH·H2O and H2TiO3.33 The cation ratio in the 
Li2TiO3 sample was estimated to be Li/Ti = 2.00(2) by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES), where the number in the parenthesis indicates the standard deviation in the last digit. ND data of 7Li2TiO3 
were obtained using a high-resolution time-of-flight (TOF) neutron diffractometer iMATERIA34 at RT (Figure 1a) 
and by a constant-wavelength neutron diffractometer HERMES36 from RT to 800 °C in air (Figure 1b and Figure S3 
in SI). X-ray powder diffraction and ND patterns from RT to 800 °C indicated a single phase for monoclinic -
Li2TiO3 without impurities, such as Li2CO3, Li4Ti5O12, and high-temperature cubic -Li2TiO3. 
Preliminary Rietveld and MEM analyses of the ND data of 7Li2TiO3 at RT were performed based on the 
conventional model without interstitial Li atoms (Figure 1c, Figures S1a, S2a, S4a, and 4b, and Tables S1c,d in SI). 
MEM analysis based on the conventional model indicated a nuclear-density maximum around the tetrahedral vacant 
site (Wyckoff 8f site; atomic coordinates: 0.9,0.1,0.1) in the Li–O layer (dashed circle in Figure S4b of SI), which 
suggests the existence of interstitial Li atoms. Therefore, we carried out Rietveld and MEM analyses using the 
interstitial model where the Li atom was placed at the 8f site (atom label Li4 in Figures 1d, 1e, 2a, and 2b, Table 1, 
Figures S1b, S2b, S4c, and S4d in SI, and Tables S1a and S1b in SI). The interstitial model resulted in better (lower) 
reliability (R) factors compared to the conventional model. The R factors based on weighted profile intensities, Bragg 
intensities, and structure factors of the interstitial model (Rwp = 10.54%, RI = 6.88% and RF = 4.57% (iMATERIA) 
and Rwp = 6.43%, RI = 1.41%, and RF = 0.58% (HERMES)) were lower than those of the conventional model (Rwp = 
10.57%, RI = 7.05%, and RF = 4.74% (iMATERIA) and Rwp = 6.51%, RI = 1.65%, and RF =0.73% (HERMES)). Bond 
valence sum (BVS) at the interstitial Li4 site was estimated to be 1.16(7), which was consistent with the oxidation 
number of Li ion (1.00). The bond-valence-based energy landscape (BVEL) of a test Li ion also supported the 
existence of an interstitial Li4 cation (Figure 2d), which indicates an energy minimum at the Li4 site. The obtained 
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MEM results were not consistent with the conventional model (Figure S4b in SI), but consistent with the interstitial 
one (Figure 2b and Figure S4d in SI). At room temperature, the refined occupancy factor of the Li atom at the 
interstitial Li4 site, 6.6(1.1)% obtained using the HERMES data, agreed with those estimated by the MEM nuclear- 
analysis (6.3%) (Figures 2b and 3a) and from the iMATERIA data, 3.3(3)%. The presence of an interstitial Li4 atom 
was also confirmed by DFT structural optimization (Figure 2c) and the calculated formation energies between the 
interstitial and conventional models were found to be comparable with each other (Table S2 in SI). These results 
clearly indicate the existence of an interstitial Li4 atom at the tetrahedral site in the Li–O layer of -Li2TiO3. 
 
 
Figure 1. Rietveld patterns of the neutron diffraction data and the refined crystal structure of -Li2TiO3. (a), (b) Rietveld patterns 
of the neutron-diffraction data measured (a) at RT by the TOF-ND diffractometer iMATERIA and (b) at 800 °C by the fixed-
wavelength diffractometer HERMES based on the interstitial model. The black circle, red solid line, blue solid line, and green 
tick marks in the panels a and b denote the observed intensity Yobs, calculated intensity Ycalc, the difference Ycalc – Ycalc, and 
calculated Bragg peak positions for monoclinic -Li2TiO3, respectively. (c), (d) Refined crystal structures of -Li2TiO3 projected 
along the [100] direction based on the (c) invalid conventional and (d) valid interstitial models. The light and dark green octahedra 
and grey spheres represent LiO6 at Li lattice sites Lii (i = 1, 2, and 3), Li4O4, and Ti atoms, respectively. e, Refined crystal 
structure of monoclinic Li2TiO3 by Rietveld analysis on TOF-ND data at RT with the interstitial model. The light green, dark 
green, grey spheres and red ellipsoids denote Li at Lii lattice sites, interstitial Li at the 8f site, Ti, and oxygen ions. Thermal 
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Table 1. Refined crystallographic parameters and reliability factors in Rietveld analysis based on the interstitial model using the 
neutron diffraction data of -Li2TiO3 taken by the iMATERIA at room temperature. 
Atom label Wyckoff site occupancy x y z Uisoa or Ueqb Å2 BVS vu 
Li1 8f 1 0.2435(3) 0.0819(2) -0.0004(2) 0.0106(3)a 0.986(2) 
Li2 4d 1 1/4 1/4 1/2 0.0098(6)a 0.979(1) 
Li3 4e 0.975(5) 0 0.0908(3) 1/4 0.0076(5)a 1.078(2) 
Li4 8f 0.033(3) 0.933(10) 0.085(6) 0.065(4) 0.0106(3)a 1.16(7) 
Ti1 4e 1 0 0.42621(17) 1/4 0.0040(2)a 3.836(5) 
Ti2 4e 1 0 0.75604(16) 1/4 0.0040(2)a 4.105(3) 
O1 8f 1 0.14271(10) 0.25934(7) 0.13749(7) 0.00529(11)b 1.941(7) 
O2 8f 1 0.10521(10) 0.58551(6) 0.13579(5) 0.00541(10)b 2.033(8) 
O3 8f 1 0.13542(10) 0.90605(6) 0.13542(5) 0.00537(10)b 2.048(6) 
Space group C2/c 
Lattice parameters a = 5.066611(16) Å, b = 8.78583(3) Å, c = 9.74892(2) Å,  = 100.1045(3)o, lattice volume: 427.235(3) Å3 
Reliability factors in Rietveld 
analysis 
Rwp = 10.539%, Rp = 7.835%, Re = 2.565%, RI = 6.875%, RF = 4.574% 
a Uiso: Isotropic ADP of Lii and Ti atoms. Linear constraint Uiso(Li1) = Uiso(Li4) was used in the Rietveld refinement. 
b Ueq: Equivalent isotropic ADP. Refined anisotropic ADPs Uij of oxygen atoms are listed in Table S1a of SI. 
 
Figure 1a and Table 1 show the results of the final refinements of the TOF-ND data of -7Li2TiO3 at RT for the 
interstitial model. The occupancy factors of the Li atoms at the Li3 and Li4 sites were refined, while those at Li1, 
Li2, Ti1, Ti2, O1, O2, and O3 sites were fixed to 1. This is because even if these occupancy factors were allowed to 
vary, the refined occupancy factors were close to 1 within 3 times of the estimated standard deviation and the 
refinement did not improve significantly. The BVSs of the Li, Ti, and O sites agreed with formal charges of 1.0, 4.0 
and 2.0 valence units (vu) (Table 1), which indicates the validity of the refined crystal structure (Figures 1d and 1e; 
Figures S1b and S2b). The refined atomic coordinates of the interstitial Li4 atom obtained by the Rietveld analysis 
of the TOF-ND data were (0.933(10), 0.085(6), 0.065(4)), which agreed well with those obtained by DFT structural 
optimization (0.934, 0.092, 0.071) (Table S2 in SI) and with those where the bond-valence based energy had the 
minimum value (0.931, 0.089, 0.064) (Figure 2d). These results validate the existence of an interstitial Li ion at the 
Li4 site. The coordination number of the Li4 atom was 4, which allows the formation of the Li4O4 tetrahedron 
(Figures 1d and Figure S2b). The refined occupancies at the Li1, Li2, Li3, and Li4 sites (1.00, 1.00, 0.975, 0.033) 
were consistent with the BVS mismatch | BVS – 1 | values at these sites (0.014, 0.021, 0.078, and 0.16 vu) and with 
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the bond valence-based energies of a Li ion at these sites (0.01, 0, 0.17, and 0.44 eV). Two Li1, one Li2, one Li3 and 
four O atoms surround an interstitial Li4 atom (Figure 2a), as predicted computationally.48 Here, in the case of a Li4 
atom, we denote the nearest neighbour Li1 atoms with short and long interatomic distances in the average crystal 
structure of -Li2TiO3 as Li1 and Li1', respectively. In the refined average structure of -Li2TiO3 at RT, the Li4–Lii 
interatomic distances, r(Li4–Lii) [i =1, 2, 3], were short: r(Li4–Li1) = 1.77(5) Å, r(Li4–Li1' ) = 1.80(5) Å, r(Li4–
Li2) = 1.78(5) Å, and r(Li4–Li3) = 1.78(4) Å (Figure 2a and Figure S5a in SI). In the DFT optimized structure of 
(Li2TiO3)16, the Li1, Li1', Li2, and Li3 atoms around the Li4 atom were displaced away from Li4 due to Li–Li 
repulsion (arrows in Figure 2c), resulting in longer Li4–Lii interatomic distances of r(Li4–Li1) = 2.22 Å, r(Li4–Li1' ) 
= 2.21 Å, r(Li4–Li2) = 2.22 Å, and r(Li4–Li3) = 2.23 Å (Figure 2c and Figure S5b in SI). Therefore, we conclude 
that -Li2TiO3 with interstitial Li4 is stabilized by the displacement of Lii atoms (i = 1, 2, and 3) away from the 
interstitial Li4 atom. 
 
Figure 2. Evidence for the interstitial Li4 cation, and the average and local structures around the Li4 site in -Li2TiO3. (a) A part 
of the refined structure from the iMATERIA neutron data at RT. In panels (a-c), the light green spheres, dark green spheres, 
black spheres, and red ellipsoids/spheres denote the Li1, Li1', Li2, and Li3 atoms at the octahedral sites, interstitial Li4 atom, 
Li4 site, and oxygen atoms, respectively. The atomic coordinates of the Li4 site are 0.933(10), 0.085(6), and 0.065(4). (b) 
Isosurfaces of the MEM nuclear densities at 27 °C from the HERMES neutron data where yellow and red surfaces denote the 
isosurfaces at –1.0 and +1.0 fm Å–3, respectively. (c) Local configuration around the interstitial Li4 atom in the structure of 
(Li2TiO3)16 optimized by DFT calculations. In panel (c), the blue arrows denote the displacement of Lii atoms (i = 1, 1', 2, and 
3) in the optimized structure from the positions in the refined average structure. Interatomic distances and atomic positions of 
Li and O atoms before and after optimization are shown in Figure S5 and Table S3 in SI. The number in panel (a) denotes the 
interatomic distance with its estimated standard deviation in the parenthesis. The interatomic distances in optimized (Li2TiO3)16 
are shown in Table S1 and Figure S2 in SI. (d) BVEL around the Li4 site with the blue surface at 1.03 eV. In panel (a), thermal 
ellipsoids are drawn at the 90% probability level. The atomic coordinates at the Li4 site optimized by the DFT calculations 
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ND data of -7Li2TiO3 were measured in air at 27, 400, 600 and 800 °C using the HERMES diffractometer and 
successfully analyzed by the interstitial model (Figure 1b, Figure S3 in SI, and Tables S1b, S4, S5, and S6 in SI). The 
weight change in Li2TiO3 at 800 °C was negligibly small (Figure S6 in SI), which indicates no change in the chemical 
composition of Li2TiO3 during high-temperature ND measurements. Therefore, in Rietveld refinement, we fixed the 
occupancy factors of Ti and O atoms as 1 and refined the occupancy factors of Li atoms maintaining the atomic ratio 
of Li/Ti of -Li2TiO3 at 2. The BVSs of Li, Ti, and O sites agreed with formal charges of 1.0, 4.0, and 2.0, respectively, 
at high temperatures (Figure S7c in SI), which indicates the validity of the refined crystal structures. The refined 
occupancy factors at high temperatures agreed with the occupancy factors estimated using the MEM nuclear densities 
(Figure 3a and Figure S8 in SI). These results indicate the validity of the refined crystal structures of -Li2TiO3 from 
27 to 800 °C. The lattice parameters a, b, and c and the lattice volume V increased with an increase in temperature 
(Figures S7a in SI), which indicates thermal expansion. The average thermal expansion coefficient along the c axis 
in the temperature range of 27 to 800 °C was 2.344(7) × 10–5 K–1 and was 1.380(7) and 1.352(7) times higher than 
those along the a and b axes, respectively, (Figure S7b), indicating the anisotropic thermal expansion of -Li2TiO3. 
The average linear thermal expansion coefficient  in the range of 27 to 800 °C was 1.923(4) × 10–5 K–1, which is 
consistent with the reported values of 1.80–2.15 ×10−5 K–1.51,52 The atomic displacement parameters (ADPs) of Li 
atoms were higher than those of Ti and O atoms (Table 1, Figure 3b). The ADPs of Li atoms increased with 
temperature, which suggests larger dynamic disorder, positional disorder and thermal motion of Li ions at higher 
temperatures (Figure 3b). The refined occupancy factor of the Li4 atom increased a little with an increase in 
temperature, which suggests larger occupational disorder at higher temperatures (Figure 3a). The Li-ion conductivity 
of -Li2TiO3 increased with an increase in temperature (Figure 3c), which can be attributed to the greater structural 
disorder and thermal motion of the Li ions at higher temperatures. 
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Figure 3. Temperature evolution of the structural disorders and Li-ion conductivity in -Li2TiO3. (a) Refined occupancies at the 
Li4 site by Rietveld analysis, g(Li4), and the number of Li atoms around the Li4 site gT,MEM(Li4) obtained by MEM. gT,Li4(MEM) 
is defined as gT,MEM(Li4) ≡ g(Li1)IT,Li4/I27,Li1 where IT,Lii is the integrated value of neutron scattering length density around the 
Lii site at temperature T (°C). Comparisons at the lattice sites are shown in Figure S8 in SI. The refined occupancies are reliable 
because of their agreement with the number of atoms around each site obtained by the MEM analysis. (b) Temperature dependence 
of the refined isotropic atomic displacement parameter (ADP), Uiso. (c) Arrhenius plot of Li-ion conductivity dc. The activation 
energy (Ea) for Li-ion diffusion was calculated to be 0.86(2) eV. (d), (e), (f) Yellow and blue isosurfaces of neutron scattering 
length densities at –0.04 and –0.2 fm Å–3, respectively, at (d) 27, (e) 400, and (f) 800 °C. In panel (f), the red, green, white, and 
orange arrows denote Li1–Li4, Li1'–Li4, Li2–Li4, and Li3–Li4 Li-ion migration paths, respectively. 
 
The MEM nuclear-density distributions around Li atoms were localized at RT (Figure 3d), while at higher 
temperatures, the Li atoms exhibited larger spatial distributions (Figures 3e and 3f); this observation is consistent 
with higher ADPs and Li-ion conductivity at higher temperatures (Figures 3b and 3c). It should be noted that the 
MEM nuclear-density distributions at 800 °C clearly show connected Li-ion diffusion pathways in the [001], [11̅0], 
and [110] directions (Figures 4a, 4c, 4e, and 4g). The interlayer [001] pathways across Li–O and Li–Ti–O layers were 
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in the Li–O layer to the octahedral Li3 site in the Li–Ti–O layer via the interstitial Li4 site (Figure 4c). The intralayer 
[11̅0] pathway in the Li–O layer (–0.1 ≤ z ≤ 0.1) was –Li2–Li4–Li1–Li4–Li2–, where a Li ion migrated from an 
octahedral Li1 site to another octahedral Li2 position via the interstitial Li4 site (Figure 4e). The intralayer [110] 
pathway in the Li–O layer (0.4 ≤ z ≤ 0.6) was –Li2–Li4–Li1–Li4–Li2– (Figure 4g). The validity of the [001], [11̅0] 
and [110] pathways obtained by the MEM analysis at 800 °C was supported by BVEL of a test Li ion (Figure 4b, 4d, 
4f, and 4h), BVS maps (Figure S9 in SI) and DFT calculations (Figure S11 in SI). The interlayer [001] pathway 
consists of –Li3–Li4–Li1– and –Li3–Li4–Li2– paths, while the intralayer [110] and [11̅0] pathways consist of the –
Li2–Li4–Li1– path. In all the paths, a Li ion was able to migrate via the interstitial Li4 site, which indicates that the 
Li4 site is essential for the Li-ion diffusion in -Li2TiO3. It should be noted that the Li ion diffuses via an interstitialcy 
mechanism in which Li-ion migration occurs through tetrahedral Li4 interstitial site and octahedral Lii lattice sites (i 
= 1, 2 and 3). The highest nuclear densities on the Li-ion diffusion pathways in -Li2TiO3 at 800 °C were similar, –
0.047 fm Å–3 for the Li1–Li4 path, –0.052 fm Å–3 for Li1'–Li4, –0.047 fm Å–3 for Li2–Li4, and –0.046 fm Å–3 for 
Li3–Li4. The bond valence-based energy barriers for Li-ion migration were also similar, 0.91 eV (Li1–Li4), 0.89 eV 
(Li1'–Li4), 0.97 eV (Li3–Li4), and 0.97 eV (Li3–Li4) at 27 °C and 0.73 eV (Li1–Li4), 0.76 eV (Li1'–Li4), 0.77 eV 
(Li2–Li4), and 0.76 eV (Li3–Li4) at 800 °C (Figure 4i). These values agree with the experimental activation energy 
for Li-ion conductivity 0.86 eV (Figure 3c). These results clearly indicate that a Li ion diffuses three-dimensionally 
via the [001], [11̅0], and [110] pathways. Figure 5a shows Li+ migration via vacancy mechanism, in which a Li atom 
at Li1 site migrates through vacant interstitial Li4 site to vacant Li3 site (path Ⅰ: Li1–Li4–L3) and vacant Li2 site 
(path Ⅱ: Li1–Li4–L2). The migration energies for path Ⅰ and path Ⅱ were estimated to be 0.52 eV and 0.53 eV (Figure 
5c), and those for the paths along Li2–Li4–L3 and Li1'–Li4–Li3 were 0.50 and 0.53 eV (Figure S10 in SI). Li atom 
can also migrate via interstitialcy mechanism as known as knock-off mechanism where an interstitial Li atom kicks 
a neighbor Li atom at a lattice Li site out into an adjacent vacant interstitial site (Figure 5b), as reported in Li2CO3.53 
The migration energies for path Ⅲ (B→C, C→V3) and path Ⅳ (B→D, D→V4) were estimated to be 0.27 and 0.20 
eV, respectively (Figure 5d), indicating the interstitialcy mechanism is energetically favorable. The charge states of 
migrating Li atoms and neighbor Ti atoms along path III and path IV by Bader analysis suggest that no electron 
transfer takes place along with Li+ diffusion (Figure S12 and Table S7 in SI). 
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The MEM results in the current work show the first example of the experimental visualization of 3D Li-ion 
diffusion pathways through an interstitial Li4 site in -Li2TiO3. Previously, Monchak et al.26 were not able to detect 
the interstitial Li4 atom and the [001] Li-ion diffusion path, but reported an invalid zigzag path and 2D Li-ion 
diffusion on the ab plane in MEM nuclear-density distributions from the neutron-diffraction data of a -Li2TiO3 
sample at 800 °C. Their sample contained impurities and their results were not consistent with the BVS map. Islam 
et al. suggested a different Li-ion diffusion mechanism: Li1–Li2 straight migration path for Li ions in the Li–O layer 
of -Li2TiO3;27 however, the corresponding path was not observed in the MEM nuclear-density distribution analyzed 
in this work at 800 °C (Figures S11a and S11b in SI). Our DFT calculations also indicated that the Li1–Li2 straight 
Li-ion migration path is not energetically favorable due to higher energy barrier of 0.73 eV (Figure S11c in SI) as 
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Figure 4. Interstitialcy Diffusion pathways of Li ion in -Li2TiO3 in the <001> and <110> directions. (a), (c), (e), (g), Yellow and 
blue isosurfaces of neutron scattering length densities of -Li2TiO3 at –0.04 and –0.2 fm Å–3, respectively, representing the 
probability densities of lithium and titanium ions. (b), (d), (f), (h), Yellow and blue isosurfaces of the bond-valence-based energies 
of a test Li ion at 0.63 and 1.03 eV, respectively, for the refined crystal structure of -Li2TiO3 at 800 °C. i, Energy barrier profile 
of Li ion obtained using the BVEL of -Li2TiO3 at 800 °C. The energy barriers for the Li1–Li4 (green arrows), Li1'–Li4 (red 
arrows), Li2–Li4 (black arrows), and Li3–Li4 migration paths (yellow arrows) were estimated to be 0.73, 0.76, 0.77, and 0.76 
eV, respectively. (a,b) 0 ≤ x ≤ 1, 0 ≤ y ≤ 1, 0 ≤ z ≤ 1. (c,d) –0.05 ≤ x ≤ 0.55, 0 ≤ y ≤ 1, 0 ≤ z ≤ 1). (e,f) 0 ≤ x ≤ 1, 0 ≤ y ≤ 1, –0.1 ≤ 
z ≤ 0.1. (g,h) 0 ≤ x ≤ 1, 0 ≤ y ≤ 1, 0.4 ≤ z ≤ 0.6. In panels (b) and (d), the grey spheres represent Ti atoms. In panels (c), (d), (e), 
and (f), the red, green, white, and orange arrows denote Li1–Li4, Li1'–Li4, Li2–Li4, and Li3–Li4 paths, respectively. 
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Figure 5. Li+ ion migrations via (a,c) a vacancy mechanism and (b,d) an interstitialcy mechanism, which were investigated by 
DFT calculations and NEB method. (a) Li+ ion migration paths I and II via the vacancy mechanism where a Li+ ion A migrates 
from the Li1 site to vacant Li3 and Li2 sites, respectively, through a vacant Li4 interstitial site (Initial state of the migration along 
the path I: A at Li1 site, vacancy V0 at Li4 site, vacancy V1 at Li3 site; Final state of the migration along the path I: V0 at Li1 
site, V1 at Li4 site, A at Li3 site; Initial state of the migration along the path II: A at Li1 site, V0 at Li4 site, V2 at Li2 site; Final 
state of the migration along the path II: V0 at Li1 site, V2 at Li4 site, A at Li2 site). (b) Li+ ion migrations along paths III and IV 
via the interstitialcy mechanism where an interstitial Li+ ion B pushes (kicks) another Li+ ion at a lattice site (C for the path III; 
D for the path IV) out into an adjacent vacant interstitial site. In the path III, the B moves from Li4 to Li2 site and simultaneously 
another Li+ ion C migrates from Li2 to vacant Li4′ site (Initial state: B at Li4 site, C at Li2 site, a vacancy V3 at Li4′ site; Final 
state: V3 at Li4 site, B at Li2 site, C at Li4′ site). In the path IV, a Li ion B moves from Li4 to Li3 site and simultaneously another 
Li ion D migrates from Li3 to vacant Li4′′ site (Initial state: B at Li4 site, D at Li3 site, V4 at Li4′′ site; Final state: V4 at Li4 site, 
B at Li3 site, D at Li4′′ site). Energy barrier profiles along the paths I and II (c) and along the paths III and IV (d). 
 
Conclusion 
We have shown the existence of an interstitial Li4 atom at the tetrahedral site in the Li–O layer of -Li2TiO3 
using experimental and computational approaches. In the present work, we have successfully visualized the 3D 
network of Li-ion diffusion pathways, consisting of Li-ion diffusion pathways in the <001> and <110> directions of 
-Li2TiO3. Here, for the first time, we propose an interstitialcy diffusion mechanism, in which a Li ion migrates 
through an interstitial site and lattice sites, for the series of Li-rich layered-oxide Li2MO3 (M = Ti, Mn, Sn, Ru, and/or 
Ir). We believe this new concept for the diffusion mechanism opens up new approaches in materials science, energy 
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